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ABSTRACT

The fast winds from blue massive star can create low density bubbles that
are surrounded by shells. When the massive star explodes at the end of its
life, it freely expands into the low density bubble, with an outer shock
interaction region. The initial interaction with the dense shell creates a
reflected shock in the interaction region and begins to drive a shock wave in
the shell. The pressure of the shocked supernova gas rises as the steep outer
density profile of the supernova interacts with the shell. Both the structure
of the shocked supernova gas and the shock propagation into the shell can be
described by self-similar solutions. The pressure in the shocked gas
interaction region begins to decline when either the flat portion of the
supernova density profile reaches the shell, the energy transfer to the shell
is significant, or thg outer shock wave traverses the shell. Typically, we
find that the shock traversal occurs before the energy transfer is sig-
nificant. The supernova remnant Cas A is probably a good example of compact
shell interaction. Our model predicts that the bright X-ray and radio ring is
shocked dense wind gas, and hot, shocked supernova gas is inside of the ring.
Compact radio sources observed in NGC 4449 and in the starburst nuclei of M82
and NGC 253 may also be compact shell interaction. Our model predicts slow
expansion of the radio sources and the appearance of new sources with
diameters comparable to those of the present sources. This interpretation
requires that the starburst nuclei have a large population of massive star
supernova progenitors in a blue evolutionary phase. Our model can also be

applied to the interaction of SN1987A with its circumstellar shell expected to

occur within decades.



I. INTRODUCTION
Mussive stars are known to strongly modify their environment through
ionizing radiation and stellar winds. When the star explodes as a supernova,
its primary interaction may be with circumstellar matter (i.e. matter modified
by the progenitor star) out to a radius of 10's of pc (see McKee 1988 for a
review). The radiation from a main sequence O star is able to evaporate
-0.3

clouds out to a radius R, ~ 56 n *” pc where n, is the mean density of the

h
surrounding interstellar medium. The stellar wind creates a low density

bubble in the region out to a radius Rb' where a swept up shell is present.
In general, Rb < Rh' although for a strong wind Rb can reach Rh and radiative
losses then slow the bubble evolution (McKee, van Buren, and Lazareff 1984).
After the main sequence phase, the massive star evolves to become a red
superglant, which has a slow, dense wind. Most Type II supernovae are the
explosions of stars at this point in their evolution and the interaction with
the dense wind can give observable radio emission (Chevalier 1982b; Weliler et
al. 1986). However, some stars evolve back to the blue before exploding.
Possible examples of such objects are Wolf-Rayet stars and Sk -69 202, the
progenitor of SN1987A. During the late blue phase, a fast stellar wind is
again expected which can drive a shell in the red supergiant wind. Shells
have been observed around some Wolf-Rayet stars (Chu, Treffers, and Kwitter
1983) and a shell is likely to exist around SN1987A (Fransson et al. 1989).
The interaction of supernovae with circumstellar bubbles has already
received some attention. Fabian, Brinkmann, and Stewart (1983) compu;ed the
expansion of a supernova into an extended wind region and found approximate
free expansion out to a large radius. Charles, Kahn, and McKee (1985) argued
that the lack of clouds inside the Cygnus Loop implies that it is the remnant

of a high mass star, and that the presence of filaments within 20 pc of the



center limits the spectral type of the progenitor to later than BO. The
circular appearance of the Cygnus Loop, together with the recent interaction
with moderately dense gas, suggests an interaction with a circumstellar shell.
Shull et al. (1985) developed a model for the remnant N49 based on the
hypothesis that photoionization by a B type progenitor star created a shell
that subsequently expanded into the cavity during the star's red supergiant
phase. Circumstellar interaction models have also been proposed for N 132D
(Hughes 1987) and Kepler's remnant (Bandiera 1987).

Our purpose here is to examine the interaction of a massive star supernova
with the shell created by a blue supergiant wind, either in the main sequence
phase or in a late evolutionary phase. We make a number of idealizations so
that the general features of shell interaction can be described by semi-
analytic solutions. In §II, we discuss the expected properties of the
supernova and its environment. The hydrodynamics of the interaction 1is
described in.§III. Special attention is given to self-similar flows.

Applications to observed objects are given in §IV.



II. SUPERNOVAE AND THEIR ENVIRONMENTS
a) Supernovae

The result of a massive star supernova many days after the explosion is
freely expanding gas with v = r/t, where v is the velocity, r is the radius,
and t is the time from the explosion. The density profile in the outer part
of the supernova can be described by a steep power law in radius p « r°
(Jones, Smith, and Straka 1981; Chevalier and Soker 1989). For example,
numerical computations for the explosion of SN1987A give n ~ 9.6 (Arnett
1988). The inner part of the density profile is moderately flat and we
approximate it by constant density. We also assume that there is a sharp

transition between these 2 regions at a velocity vt. although in an actual

case a gradual transition is likely. The density profile is then described by

(2.1)
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are the total energy and mass in the explosion. The pressure in
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the expanding gas is negligible. We note that the density profile is modified
if the supernova interécts with a red giant wind before expanding into the
bubble (Band and Liang 1988; Itoh and Masai 1989), as might be expected for
interaction with a main sequence star bubble. If the mass in the red giant
wind 1s small compared to that of the supernova, the effect on our results is

small.



b) Main Sequence Stars

Table 1 gives some of the typical wind properties of massive atars on the
main sequence as compiled by Abbott (1982) and Garmany et al. (1981). The
;ifetime is that on the main sequence, M is the mass loss rate and vw is the
wind velocity. It can be seen that for the lower mass stars, the fraction of
the stellar mass that is lost is relatively small, while for the most massive
stars, a significant fraction of the star may be lost. The very massive stars
are likely to become Wolf-Rayet stars (Chiosi and Maeder 1986). Weaver et al.
(1977) give a detailed description of the bubble that is created by the
interaction of the wind with a uniform medium. Here we use a simplified model
which keeps the basic features of the bubble structure. Weaver et al. (1977)
describe three phases of evolution: an early phase that is completely
adiabatic and lasts several 103 yvears, an intermediate phase in which the
swept-up interstellar medium cools and forms a shell, and a late phgse when
radiative losses from the shocked wind gas become important. At the times of
interest here, the outer shell is expected to cool. However, we differ from
Weaver et al. (1977) by assuming that heat conduction between the cool shell
and the hot bubble is reduced by magnetic effects. The reason for this
assumption is that the magnetic field in the stellar wind is expected to
become tangential, as in the case of the solar heliosphere. Unless magnetic
reconnection significantly changes the magnetic field geometry, the cool shell
and the hot bubble are well shielded from each other. Under these circum-
stances, there is not much gas at intermediate temperatures and densities
where radiative cooling becomes important, so that the bubble does not enter
the final radiative phase within its lifetime,.

For a fast stellar wind, the hot shocked gas fills the bubble volume and

the gas pressure is uniform inside this volume. Assuming that the hot gas



drives a thin shell into gas of density Py the shell radius and the interior

pressure are (Weaver et al. 1977):

1/5

. (250 1/5 -1/5,3/5 - 1/5 -1/5,3/5
R (5655, Lw po tw 0.76 Lw po tw (2.2)
and
- 7 2/5 3/5_-4/5 - 2/5 3/5 _-4/5
P ;;;;—-;573- Lw o t" 0.16 L" pb t" (2.3)

where Lw =1/2 M vs. and tw is the time from the initiation of the wind.

Table 1 gives the shell radius at the end of the main sequence lifetime. Some
further expansion of the bubble can occur during the post-main sequence
phases.

The shell velocity is 0.6 R/tw and drops below 10 km 3—1 for the lower mass
stars. These velocities are sufficiently low that the interstellar pressure
may cause stagnation of the bubble at a radius somewhat smaller than that
given in Table 1. Thié is particularly true 1f the external gas 1s photoloni-
zed by radiation from the central star. Weaver et al. (1977) no;e that the
time when the ionization front is trapped in the outer shell is approximately
equal to the time when the shell stagnates. Thus the ionization front may
never be trapped. MpKee. van Buren, and Lazareff (1984) have studied the
case of HII region anﬂ bubble evolution in a cloudy interstellar medium and
also found that massive stars can generally photoionize the bubble shells. If
the gas is photoionized, the temperature is about 8000K and - the sound speed is
about 10 km s—l. If the gas cools and recombines, the temperature may drop to
100K and the sound speed to 1 km s-l. If the shell velocity is significantly

greater than the ambient sound speed, co. the compression is

(vz + cz)
= —22—°— (2.4)

C
S

o° [u®



where Pq and c, are the density and the sound speed in the shell. If the
swept-up gas is photolionized, a star at the end of its main sequence life may
not create a well-defined shell, but create a hole in an HII region.

Weaver et al. (1977) show that the density inside the hot bubble is quite
uniform, except for a sharp rise close to the contact discontinuity, at radius

R The density increases by a factor of 2 over its interior value at a

d.

radius 0.98 Rd. Since there is a large density jump between the bubble and

the exterior region, the assumption of uniform density throughout is adequate.

The density inside the bubble is then

~ -27 1, ,R__.-3 -3
Py = 2.0 x 10 (MO) (W g ca (2.5)

where "1 is the mass lost in the fast main sequence wind. The temperature in

the bubble is

E v: 7 vw 2
Tb = 0.15 = 1.1 x 10 (——5————-:11 K (2.6)
10" km s

where m is the mean particle mass and k is Boltzmann's constant.

There are possible complications to this simple picture of bubble struc-
ture. One is that the star can have a space velocity that carries it close to
one side of the shell; then a bow shock type structure occurs (Weaver et al.
1977). Another is that O stars tend to occur in clusters so that the

interstellar medium may be affected by the winds from many stars. These

factors may obscure shell-type structure.

c) Wolf-Rayet and Related Stars

The bubbles created by maln sequence stars are large and diffuse so the
lack of observational data on such objects is not surprising. However, a
number of Wolf-Rayet stars are surrounded by shells (see Chu et al. 1983 for a

summary on these objects). These shells typically have radii of 3-10 pc,



velocities of 30-100 km s—1 and densities of 300-1000 cm_s. The nebula NGC
6885 has an estimated mass of 3.6 Mg, while other nebula have higher estimated
masses. We believe that many of the ring nebulae are mass loss from a
previous red supergiant phase that has been swept up by the Wolf-Rayet star
wind (Wendker et al. 1975; Chevalier and Imamura 1983; McCray 1983). One
factor in favor of this hypothesis is the He and N abundgnce enhancements
observed in some ring nebulae (Kwitter 1981, 1984). Another is the fact that
ionizing radiation and winds from main sequence massive stars clear out a
region at least 20 pc in radius, so the presence of dense gas close to the
star indicates that it is the product of mass loss (McKee 1988).

The detailed structure resulting from the interaction of two winds is
discussed by Chevalier and Imamura (1983). For typical parameters, we expect
the outer shock wave to be radiative while the inner shocked gas is adiabatic.
There may be cases in which the inner shock radius R1 is not <« R. From the
results of Chevalier and Imamura (1983), R1 > 0.5 R for v' < 10 vs. Most
Wolf-Rayet stars do have fast winds with vw ~ 2000 km a-1 so that the shocked
wind gas should fill most of the volume. If the shell velocity is sig-

nificantly greater than that of the red supergiant wind, then the shell

velocity is

B, V:" 1/3
v = (—L) (2.7)

s aft
where M, vb. and vr are the mass loss rate and the wind velocity in the blue
(b) and the red (r) phases, respectively. Data on observed Wolf-Rayet bubbles
indicate that they are expanding less rapidly than would be expected if the
energy of the inner win& were conserved (Treffers and Chu 1982; Chevalier and

Imamura 1983; McCray 1983). One possibility is that the shell is subject to

Rayleigh-Taylor instabilities so that it fragments and hot gas is able to
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pass through the shell. X-ray observations of NGC 6888 have given some direct
evidence for this process (Bochkarev 1988).

Although the progenitor of SN1987A was not a Wolf-Rayet star, it was an
early-type supergiant that was surrounded by a circumstellar shell. The
observed N overabundance and low velocity of the circumstellar material
(Fransson et al. 1989) suggests that it is material lost in a red supergiant
wind that was swept up by the blue supefgiant wind. The blue progenitor is
estimated to have M, of a few 1078 Mo yr™? and v, = 550 km s~1. Chevaller
(1987, 1988) describes the hydrodynamics of this situation. The evolution and

relative intensities of the ultraviolet emission lines suggest a radius of

4 3

about 5 x 1017 cm (Sonneborn et al. 1988) and a density nc‘: (1-3) x 10 cm
(Fransson et al. 1989). The age of the shell is probably 104 yr, so that the

amount of shocked fast wind gas 1s about 0.03 Mg.
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III. HYDRODYNAMICS OF THE INTERACTION
a) Initial Shell Interaction

The results from §II indicate that the mass of hot shocked gas inside the
bubble is likely to be smaller than the mass in the outer power law region of
the expanding supernova. Thus the interaction is with a density profile of
the form p = A ™ t"™3 where A = Fv:. In the bubble region, most of the
volume is occupied by a gas at a constant density p = B, where B = 3M1/(4nR3).
The interaction within the bubble gives a double shock structure that is
described by a self-similar solution (Chevalier 1982a). The outer shock wave

has a radius

1/n a3

R, = (@) ¢ " (3.1)
where a is a number that can be deduced from the discussion 1in Chevalier
(1982a). For example, for n=6, a=4.9 and for n=9, a=1.5. The application of
this solution through the bubble region requires that the mass of ejecta in
the power-law region be greater than the amount of shocked ejecta when the
interaction region reaches the edge of the bubble, or 3Mej/n >Z Ml' where
{ =0.28 forn = 6 and { = 0.93 for n = 9.

The properties at the time of the initial interactions with the shell can

be determined from the solution. The time to the interaction is

1
n M1 n-3 R
= ———] — .2
ti [(n—3)aM v, ' (3.2)
ej t
the shock velocity just before the interaction is
n-3) R _
v =g ti , (3.3)

and the postshock pressure is
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2(n-2 2 2
__9 .,n-3 n-3 _1 ,_ej,n-3 2
Py = Ten ( a ) « 3 (Ml ) A (3.4)

For n = 9, we note that the characteristic supernova interaction time is

M
_R__ R E -1/2 ej ,-1/2
ty =y " 294 () g7 (TR (3.8)
erg
and that
M /M
_ 1" "ej,1/6
t1 = 0.605 ( 0.05 ) ts'

For the cases of interest here, there is a large density contrast between
the bubble and the shell so that the amount of energy transmitted into the
shell is initially small. When the interaction region hits the wall, the
kinetic energy of the flow is converted to thermal energy and the postshock
pressure is increased by a factor g up to 6 (Silk and Solinger 1973). The
increased pressure drives a reflected shock wave back through the interaction
region. The timescale for the reflected shock wave to traverse the interac-
tion region is roughly ARi/(zvi) where ARi is the initial thickness of the
interaction region (see Chevaller 1982a) and the factor of 2 is to approxi-
mately take into account the backward motion of the reflected shock and the
density structure within the interaction region.

This initial phase of shell interaction is well illustrated by the
numerical computations of Dickel and Jones (1985). Their model for Tycho's
remnant has a supernova with E = 9.9 x 1050 ergs, Mej = 2.45 M, and n=7, and

18

a "bubble” with M, = 0.67 Mg and R = 6.9 x 10 cm. The motion of the

1
reflected shock front through the interaction region is clearly shown in their

calculation. They chose a shell with a relatively small density contrast with

the uniform medium (a factor of 2.2), so that there was considerable transmis-

sion of energy into and through the shell.
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b) The Shocked Supernova Gas

For many cases of interest here, Ml << Mej so that the outer steep power
law part of the supernova density profile continues to interact with the
shell. The density distribution is given by p = Ar ™ t®2. As noted above,
the energy initially transmitted into the shell at radius R is small. Under
these circumstances, the flow 1s described by two parameters, A and R, and we
expect 1t to have a self-similar nature. One of the parameters has the
dimensions of a radius so we expect that the shock radius, Rs' is constant in
time. The physical reason for this is that the rising ram pressure of the
ejecta continuously compresses the shocked ejecta so that the total volume of
the shocked ejecta remains constant. In this subsection, we focus our
attention on the shocked ejecta on the assumption that tﬁe shell radius R
remains constant. In the next subsection, we treat the transmitted shock in
the shell.

The self-similar variables are taken to be

n=f., vertlum. p=ct™am, p=cRlt" P (3.6)

where C is a constant and M, U, ), and P are dimensionless variables for the
radius, velocity, density and pressure. When these variables are substituted
into the spherically symmetric fluid equations for conservation of mass,

momentum, and energy, the resulting equations are

(n-3) + -Ug—'- + U+ ;—U- = 0 (3.7)
U(U'-1) + ‘%'— =0 (3.8)
n-5—7(n—3)+U[%'--7%l-]=0 (3.9)

where ¥ is the adiabatic index and the prime represents d/dvl. The equations

can be combined to yield
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Ur = X YP (8.10)

and two other equations for the first derivatives. Taking C = ARs-n. the

boundary conditions at the shock front are

7-1 oyl .2
u() =S5, e =S5, P =25 (3.11)

The integration of this set of equations from M=1 out to where U=0 is
straightforward and the solution for ¥=5/3 and n=9 is illustrated in fig. 1.
Table 2 lists Rs/R and p(R)/ps. where R is the shell radius and ps is the
immediate postshock pressure for various values of n.

Approximate solutions for the flow can be obtained by assuming that the
flow is highly subsonic, i.e. 902/7P << 1. This assumption is very accurate

close to R and becomes less accurate close to Rs. Dropping the 902/7P terms
in eqn. (3.10) leads to

{(n-5) 3 3
U= ( -Nn) (3.12)
3 R

where Th is the value of M at R; we note that 1/1k = Rs/R' By imposing the

shock boundary condition on U(1), we find

1/8

37(r-1
T'R = [1 + .(TY:](.)—(I-I-)ET] . (3.13)

For 7=5/3 and n=6 and 9, this expression gives values of (R—Rs)/Rs that are
large by 7%. The tendency of Rs to approach r=0 as n approaches 5 is clear.

Combining eqns. (3.7) and (3.12) and the shock boundary condition on Q

yields
Y(n-3)
3 3 -1
yey, Tg - M w5
Q= (53)( ) (3.14)
7-1 nﬁ — 4

as the result of mass conservation. This expression shows the tendency for
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the density to be peaked at the shock front as n approaches 5. The subsonic
flow assumption implies a uniform pressure region; however, a drop in pressure
is expected close to the shock front. We find an approximate value for the
interior pressure Pint by equating the total energy in the shocked region

T = ,r‘; Lar™ "3 v¥aprar = —ﬂ—(:_s) Ang'“ "8

with the internal energy in the shocked gas. The solutions show that the
kinetic energy in the shocked gas is small (< 2% of T). The ratio of plnt to

the postshock pressure is

p -
p(;n;: . —8(7+1) gy 1) _ (3.15)
8 4(n-5) (Tk - 1)

The pressure at the shell interface is the same as Pint’ SO we have
n-2
p(r) = {2 [y 4 -(7%2;—'1;3—57] 8 REME (3.16)
The value of p(R) is important for determining the effect of the shocked
supernova gas on the shell gas. While we have derived expressions for a
general ¥, all of our applications assume 7=5/3.

The self-similar solution discussed here is asymptotically approached for t
>> ti' The timescale after t1 on which the solution begins to have relevance
is the thickness of the shocked region divided by a typical velocity, or t(R-
Rs)/R. Table 2 shows that this is about 0.1t for n = 9. The part of the
shocked flow close to the shell will retain characteristics of the shocked
interaction region in the circumstellar bubble.

c) The Shocked Shell Gas

The pressure generated by the shocked supernova gas is expected to drive a
shock wave into the cool circumstellar shell gas which has a density pc. If
the shock front is radiative, the shell gas is swept up into a thin shell of

mass Mc and velocity vc. We assume that the distance traveled by the shock is
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<<R so that the flow is approximately planar. The motion of the shell is

determined by

nd 2 dRc
qc - 4nR pb ac (3.17)
and
dv
e L aRRIoR) - o v
Mc at 4nR™[p(R) pbvc] (8.18)

where Rc is the radius of the shock front in the shell. During the initial
Interaction, the pressure is a factor g times the value given in eqn. (3.4)

and we have

Bpj 1/2
Rc =R + (;;—) (t - tl)' (3.19)

where B 1s approximately 6. Later, the pressure increases as in ‘eqn. (3.16),
which can be written p(R) = KARZ ¢ 5 uhere K is a dimensionless constant.

For n=6, K=0.87 and for n=9, K=0.86. In this case, the shock wave accelerates

as
2 KARZ D .1/2 n;s
= ___——____] . N
R, = R + [iay (nd) . t (3.20)

We have assumed that the shock front is radiative. If the flow is non-
radiative, it can be described by a self-similar solution. Parker (1961) and
Chevalier (1984) have described similar solutions for spherically symmetric
piston-driven flows. Fig. 2 shows the planar solution for n=9., As expected
for an accelerating flow (Chevalier 1984), the density diverges at the contact
discontinuity and the pressure increases inward from the shock front. The
expansion law for the shock radius can be found from pressure continuity

across the contrast discontinuity. If the shock radius is expressed as Rc = R

+ K, (ARz_n tn_a/pc)llz. then for n=9, K, = 0.26 for the non-radiative
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solution and K1 = 0.24 in the thin shell case (from egn. 38.20). The results
from the thin shell solution adequately describe the dynamics even 1f the
shell is non-radiative.
d) Late Evolution

We have described a phase of evolution during which the pressure in the
shocked region is rising due to the interaction with the outer density profile
of the supernova. The flow will eventually deviate from this evolution for
three possible reasons: (1) the bend in the supernova density profile reaches
the inner shock front; (2) the energy transferred to the shell gas becomes
large compared to the energy in the shocked supernova gas; and (3) the shock
wave in the circumstellar shell traverses the shell. We discuss the implica-

tions of each of these possibilities.

The timescale for the bend in the supernbva profile to reach the shock

front is

t - (3.21)

o ™

where ts is given by eqn. (3.5) and ﬂh by eqn. (3.13) or Table 2. For n=9,
t1=0.92ts. After t1. the reverse shock wave moves to the center of the
explosion, the pressure drops and a rarefaction wave moves through the high
pressure interaction region. The propagation of the reverse shock to the
center requires a detailed numerical calculation, but a rough estimate
suggests that the time to reach the center is somewhat less than 2t1. Once

the supernova energy is thermalized within the radius R, the final pressure is

E/(anRs). For n=9, the ratio of the final pressure to the peak pressure at

time t1 is 0.41.

Another timescale characterizes the interaction with the circumstellar

shell; it is
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1

PR n- Pe 1/6 pas2 R -172 Mey .1/3
t = (= =200 ( D ¥ (L (-13;’,-.;) yr
10 erg

_ —al
c 10 22 g cm 3 pc

(3.22)

where the numerical value is for n=9. This timescale enters into the time at
which the energy transferred into the shell becomes significant. The work
done on the shell by the shocked supernova gas, W, is determined by

dR
dw - 2 c
dt 4mR™ p(R) dc (3.23)

Using eqns. (3.16) and (3.20), we find the time at which W is equal to T/2 to

be
2 _{n#1) 1
ty = (oag 1 s w0 (3.24)
(n-3) (n-5)
For n=9, t2 = 0.80 tc. Relative values of t1 and t2 are discussed in the next

section. Once the energy transfer to the shell is significant, the flow is
determined by the parameters A and Pe and the flow gradually evolves toward
the self-similar solution described by Chevalier (1982a). This is the same
solution that describes the flow in the wind bubble. However, in the present
case, effects 1 and 3 hentioned above will probably prevent the flow from
closely approximating the self-similar solution. The solution does show that
the pressure in the interaction region is expected to decrease after time tz.
Another reason for a pressure decrease is that the shock wave in the shell
reaches the edge of the shell. If the shock wave is driven by the power law

part of the supernova density profile, this occurs at a time

2
ar "3 AR/R. 1/3
t3a = (R—Ej tc = 0.75 (ETI—) tc (3.25)

1
where AR is the shell thickness and the numerical value is for n=9. Eqn.

(3.25) assumes that ﬁhe time t a is considerably larger than ti' If this is

3
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not the case, then a shock wave can pass through the shell during the initial
interaction with the shocked layer from the bubble interaction. Under these

circumstances, the time at which the shock front reaches the far edge of the

shell is
1/2
t. o=t, + B _¢ +(&’—) AR (3.26)
3b i vci— i Bp, ’ )

where v_. is the initial shock velocity in the shell. If t_,. > t_, , then t
ci 3b 3a 3b
gives a better estimate of the time of shock breakout from the shell. Once
the shell edge 1s reached, a rarefaction wave moves into the interaction
region from the outside. The numerical computation by Dickel and Jones (1985)
illustrates this phase of the evolution. If the density outside the shell is
low, as might occur for a Wolf-Rayet star bubble, much of the shocked gas
might re-enter a phase of free expansion. McKee (1988) has noted that a low

circumstellar density out to 20 pc or more tends to muffle the effects of a

massive star supernova.
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IV. APPLICATIONS

The previous section described the interaction of a supernova with an
idealized, spherically symmetric, circumstellar bubble. The supernova shock
wave propagates in the low density bubble until a time ti' when the shock
front reaches the bubble shell. The pressure in the shocked region then rises
as the steep part of the supernova density profile interacts with the shell.
The pressure rise stops when either the bend in the supernova density profile
reaches the shock front (time tl)' the energy transfer to the shell is
significant (time tz). or the outer shock front propagates through the shell
(time ts). Table 3 gives some estimated timescales for interactions involving
a main sequence star bubble, a Wolf-Rayet star bubble, and the shell around
SN1987A. The values of R, Py and Mc are estimated from observational data
(see §II) and AR is derived from Mc = 4ﬂR%ﬁpr. The assumed supernova
parameters are E = 1051 ergs, MeJ = 10Mp, and n=9. The upper part of Table 3
gives the assumed bubble parameters and the lower part gives the resulting
timescales. We note that the derivation of the timescales t2 and t3a assumes
that they are much larger than ti' For the cases where t3a < ti' the
timescale tab gives an estimate of the time at which the shock wave has
propagated through the shell. Table 3 indicates that generally the shock
waves are able to propagate through the shells before the energy transfer to
the shell becomes significant.

From an observational point of view, it is important whether the shock
front driven into the shell is radiative. From eqn. (3.19), the initial
velocity of the shock front, vci' for the cases listed in Table 3 is given in
the last row. The shock wave accelerates after the initial interaction

because of the interaction with the outer supernova density profile and

because of the breakout from the shell. Whether the shock becomes radiative
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while traversing the shell can be estimated by comparing the column density
through the shell with the column density needed for a radiative shock (McKee
and Hollenbach 1980). For the cases listed in Table 3, radiative shocks are
expected for the main sequence star case, the SN1987A shell is initially
nonradiative, and the column density through the Wolf-Rayet star shell is
approximately equal to that needed for cooling. Nonradiative shock waves can
develop later in the evolution due to the acceleration effect.

The model presented here cannot be expected to give a detailed description
of supernova remnants where bubble interaction is occurring, because in-
stabilities and asymmetric structure undoubtedly play a role in the mor-
phology, but it should describe the large-scale structure. Here we con-
centrate on Cas A, which is very likely to be a supernova interaction with a
Wolf-Rayet star bubble. The presence of the quasi-stationary floccull (QSF)
with enhanced N and He abundances (Chevalier and Kirshner. 1978) at a distance
of 1.5 pc from the center of expansion 1s very suggestive of a Wolf-Rayet star
wind bubble (see also Fesen, Becker, and Blair 1987). One difference with our
model is the presence of fast moving knots (FMK) of heavy element gas, which
shows that the supernova ejecta were clumpy and not smooth as we have assumed
here. However, we assume that the observed knots are embedded in relatively
smooth ejecta which dominate the interaction.

The X-ray structure of Cas A can be described by a bright inner shell with
inner radius 102" and 17" thickness and a faint outer plateau region bounded
by a weak shell with inner radius of 140" and about 20" thick (Fabian et al.
1980). At a distance of 2.8 kpc, 100" is 1.36 pc. The bright shell is also
present at radio and optical wavelengths and there is a general correspondence
between the structure in the three wavelength bands (Fabian et al. 1980;

Dickel et al. 1982). We propose that the bright inner ring is the shocked
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bubble shell. Where ihe shell density was high (2 several 10 cn-s). the

shock waves became radiative and QSFs were the result; the lower density shell
was shocked to X-ray emitting temperatures. The shock front has crossed the
shell over much of surface area, and some combination of expansion of the
shell gas and penetration of hot inner gas drives the outer plateau region.
The cellular structure of the bright radio shell is likely to be due to
Rayleigh-Taylor instabilities in the shell (Gull 1973; Bell, Gull, and
Kenderdine 1975). Our model naturally produces the low expansion velocities
observed for radio features (Bell 1977; Dickel and Greisen 1979; Tuffs 1986).
We expect that the expansion would have been small at the time of initial
shell interaction and may still be accelerating at the present time. The FMKs
are freely expanding dense knots which light up when they enter the high
pressure region. Based on no significant change.in the large-scale optical
structure over a period of 18 years, van den Bergh and Dodd (1970) conjectured
that the FMKs were supernova fragments plowing through stationary interstellar
cloud banks. While new radio features also appear due to this continued
interaction (Dickel and Greisen 1979), the total radio flux is generally
declining (Dent, Aller, and Olsen 1974) because the shell pressure is now
dropping after the shock wave has passed through.

The main predicti&n of our model is that the bright observed ring is not
the reverse shock wave of the supernova as is often assumed, but is the
shocked bubble shell. The reverse shock wave is inside of the bright shell,
as is hot (T ~ 107 - 108 K) shocked supernova ejecta. The cooler X-ray
emission is from shocked circumstellar gas, although some FMK gas may be mixed
in. The X-ray ring spectrum of Cas A is roughly consistent with normal

abundances (Fabian et al. 1980).

Cas A is the most luminous radio supernova remnant in the Galaxy. We
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believe that this is due to the presence of a dense circumstellar shell near
the explosion. Other remnants where this might occur are the class of oxygen-
rich supernova remnants. One of these, the source in NGC 4449, is a remark-
ably bright radio and X-ray source (Blair, Kirshner, and Winkler 1983) and is
an excellent candidate for shell interaction. The remnant has a radio
luminosity 25 times that of Cas A, an X-ray luminosity 100 times that of Cas
A, and a thermal energy density about 10 times larger; Blair, Kirshner, and
Winkler (1983) suggest that the remnant has a radius of 0.4 pc, an age of ~100

yr, and 1Is expanding into a medium with a uniform density of 25 cn-a.

The
present model would predict a relatively slow expansion of the radio source if
it can eventually be measured by long baseline techniques.

Another class of objects which may involve shell interaction are compact
radio sources in starburst galaxy nuclei. A particularly good example of this
is the set of 23 sources in M82 (Kronberg, Blermann, and.Schwab 1985; Bartel
et al. 1987b). These sources have radio diameters > 0.3 - 1 pc and < 2.7 -
5.4 pc; their radio luminosities are between several times and 40 times that
of Cas A, except for 41.9 + 58, which has a luminosity about 150 times that of
Cas A. Bartel et al. (1987a) suggest that the steep spectrum observed for
some of the sources argues against a supernova remnant interpretation.
However, when a source first turns on as a radio source, a steep spectrunm
might be expected. The spectrum of Cas A is moderately steep and is observed
to be flattening with time (Dent, Aller, and Olsen 1974). A similar set of 35
compact radio sources has been observed in NGC 253 (Antonucci and Ulvestad
1988). These sources are unresolved or partially resolved at a diameter of 2-
5 pc and have radio luminosities comparable to that of Cas A.

A prediction of the present model is that the radio sources should have

relatively small expansion velocities. Assuming a radial expansion velocity
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of 6000 km s 1, Bartel et al. (1987b) and Antonucci and Ulvestad (1988)
deduced the formation rate of the sources in both M82 and NGC 253 to be 0.1
yr—l. If our model is correct, these results could overestimate the formation
rate by a factor of about 2. However, Kronberg and Sramek (1985) deduced a
formation rate in M82 of 0.2-0.3 yr—1 based on the flux decay rate of the
observed sources. This method of estimating the formation rate should apply
in our model. If their rate is accurate, a new compact source may be observed
in M82 in the near future. Our model predicts that the radio size of a new
source should be comparable to the sizes of the presently observed sources.
This would not be the case if the sources were "radio supernovae" (Weller et
al. 1986).

The sizes of the inferred shells in ;he compact radio sources are somewhat
smaller than those observed around galactic Wolf-Rayet stars, but the smaller
ones have sizes comparable to the inferred shell around SN1987A. The high
rate of forﬁatlon of these objects in starburst galaxy nuclel suggests that
massive stars in these nuclei frequently become red supergiants and then
evolve to the blue before exploding as supernovae. The evolution to the blue
could be due to either extreme mass loss or to the conditions, which are
unclear at present, that gave rise to the late blueward evolution of the
SN1987A progenitor star.

The remnant of SN1987A will provide a particularly informative example of
bubble interaction beqause we already have detailed observational data on the
supernova properties and on the circumstellar shell. From Table 3, the
interaction will start at an age of 18 years, but this is uncertain because of
uncertainties in the shell radius and in the bubble density. Masal et al.
(1987) proposed that the soft X-ray emission observed from SN1987A beginning

half a year after the explosion is due to circumstellar interaction, but this
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hypothesis may have difficulty with the obserQed variability of the source
(Chevalier 1988). 1In our model, when the shock wave reaches the shell at an
age of 18 years it heats the shell gas to a temperature of 4 x 106K. The
cooling time for this gas is more than 20 years, so the X-ray luminosity
increases as the shock traverses the shell. 1In our spherical model, the time
to cross the shell 1s somewhat less than a year, but in an actual case,
irregular shell structure will increase the rise time. From the cooling rates
of Gaetz and Salpeter (1983), the luminosity of the heated shell is 4 x 1038
(mc/o.1 M) erg s-l. It is not possible to theoretically calculate the
expected nonthermal radio flux during the shell interaction phase, but a rough
scaling from Cas A leads to a flux of 10 Jy at 1 GHz. The source size will be
1"-2". Since there is already evidence for asymmetries in the explosion of
SN1987A (Cropper et al. 1988), asymmetries are expected in the shell interac-
tion. SN1987A will provide a valuable example of shell interaction, but it
will be more than a decade before the interaction unfolds.
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Table 1

Main Sequence Bubbles

Mass Spectral Lifetime M v" Rng'2

(Mo) Type (20% yr) Mo yr 1) (m ™) (pc cn P
100 04v 3.4 5 x 108 3000 92

60 08V 4.2 1x 1078 3000 76

20 o9V 10.3 6 x 1078 2500 69

15 BO.5V 11.1 6 x 10°° 2500 45
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Table 2

Properties of the Shocked Supernova Gas

5.5

10

12

14

16

RS/R p(R)/ps
0.678 1.166
0.774 1.160
0.858 1.153
0.896 1.148
0.917 1.146
0.932 1.144
0.949 1.141
0.960 1.140
0.966 1.139



R(cm)
p.lg om )
M (Mp)
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Main
Star
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Table 3

Properties of Bubble Interaction

Sequence

1020

10—23
400

6.4 x 1017

7,300
8,800
29,000
11,000
10,500

60

Wolf-Rayet

Star

19

10

2 x 10

5

4.0 x 1016

0.3

530
880
1,500
480
580

230

SN1987A

5x 1017

4 x 10
0.1
1.6 x 10

0.03

18
44
41
12
19

660

20

15
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FIGURE CAPTIONS

Fig. 1 Plot of density (p), velocity (u), and pressure (p) of shocked ejecta
material as functions of radius in units of reverse shock radius Rs
for the self-similar solution with n=9, 7=5/3. All variables are
normalized to their values at the shock front (subscripted s). Note
that the density and velocity vanish at the contact surface (right
boundary).

Fig. 2 Plot of density (p), velocity (u), and pressure (p) of shocked shell
material as functions of radius for the planar self-similar solution
with n=9, ¥=5/3. Rc is the forward shock radius and R is the initial
position of the inner edge of the dense shell. Here the density is
normalized to pb, the pressure to p'cvc2 and the velocity to vc. where
pc is the ambient shell density and vc is the shock velocity. .Nofe

that the density diverges at the contact surface (left boundary).
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